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ScienceDirectFertilization is an important life event for sexually reproductive
plants. Part of this process involves precise regulation of a
series of complicated cell–cell communications between male
and female tissues. Through genetic and omics approaches,
many genes and proteins involved in this process have been
identified. Here we review our current understanding of
signaling components during fertilization. We will especially
focus on LURE peptides and related signaling events that are
required for micropylar pollen tube guidance. We will also
summarize signaling events required for termination of
micropylar pollen tube guidance after fertilization.
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Introduction
Similarly to animals, sexual reproduction systems have
arisen in plants through evolution. A unique feature of
sexual reproduction in angiosperms is that male game-
tophytic cells (sperm cells), having lost motility, are
carried to the female gametophytic cells by the pollen
tube (Figure 1). The pollen tube is a tubular, tip-
growing cell germinated from a pollen grain. After
landing on the stigma of the female pistil, it germinates
and grows through the style and enters the ovary. It
continues to grow through the transmitting tract and
subsequently changes its growth direction to the ovule,
entering the ovule through the micropyle. Soon after,
the pollen tube ruptures and sperm cells are released
inside the embryo sac. One sperm cell fertilizes with
the egg cell, while another sperm cell fuses with the
central cell to produce the embryo and the endosperm,
respectively.www.sciencedirect.com It is known that the journey of the pollen tube is sup-
ported by mutual signal exchange between female tissues
and the pollen tube [1]. Efforts have been made to
identify molecular mechanisms underlying these com-
munications and many signaling molecules that facilitate
tube growth and affect tube direction have recently been
described, both in dicotyledonous and monocotyledonous
species. These signals are important not only for proper
pollen tube guidance resulting in successful fertilization
but possibly also for arresting the arrival of excess pollen
tubes to prevent polyspermy, or for preventing the arrival
of incompatible pollen tubes [1].
From a protein structural point of view, secreted poly-
peptides (proteins less than 150 aa, which have a N-
terminal signal peptide sequence) can be grouped into
two. One is cysteine-rich polypeptides (CRPs). CRPs
possess more than four cysteine residues in the mature
polypeptide region, which make intra-molecular and/or
inter-molecular disulfide bonds for tertiary structure for-
mation. Post-translational modifications may not influence
their functions, because chemically synthesized polypep-
tides or Escherichia coli-expressed recombinant polypep-
tides are reported to possess biological activities
(see below). Genes encoding CRP are abundant in the
plant genome; more than 800 genes and 600 genes have
been reported in Arabidopsis thaliana and Oryza sativa,
respectively [2]. The second group of secreted polypep-
tides is post-translationally modified small peptides. Pep-
tides in this category are processed from preproteins, and
final products are less than 20 aa in length. In addition, most
of them possess at least one amino acid that has a post-
translational modification, such as tyrosine sulfation and
proline hydroxylation [3]. In this review, we will summa-
rize intercellular secreted small polypeptides and mem-
brane-anchored receptor-like proteins, as representatives
of such signaling components during pollen tube guidance.
We will mostly focus on signaling in micropylar pollen tube
guidance (Figure 1) and termination of guidance signaling
(Figure 2). Other types of molecules or other signaling
events during fertilization have been discussed in recent
excellent reviews [4–7] (Table 1)
Preovular signaling between pollen tube and
female tissues
The first stage of male–female interaction is pollen hy-
dration and pollen tube germination. One of the most
well-characterized receptor–ligand pairs is SP11/SCR and
SRK [8]. SP11/SCR belongs to a defensin-like superfam-
ily of CRPs with eight cysteine residues in the mature
peptide region. It is the male determinant of the sporo-
phytic self-incompatibility (SI) response in BrassicaceaeCurrent Opinion in Plant Biology 2015, 28:127–136
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Schematic representations of pollen tube growth and guidance in Arabidopsis thaliana. (a) Tissues and cells involved in male–female interactions
during fertilization. (b) A model for micropylar pollen tube guidance. ANX1/2, ROP-GEF and RBOH proteins may be involved in ROS production
and proper tube growth. Vesicles are transported to the tip region by actin cables. ER-localized proteins may function as chaperone and post-
translational modification enzymes that regulate membrane proteins such as COBL10. LUREs are secreted from synergid cells. LIP1/2 is involved
in LURE perception with unknown receptor proteins. PDIL-mediated sporophytic factor may also contribute to guidance.
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Schematic representations of termination of the guidance signal. (a) Before pollen tube penetration. FERONIA (FER) is localized at the micropylar
end of synegid cells and controls reactive oxygen species (ROS) production. (b) Upon pollen tube arrival, cytosolic Calcium concentration in
synergid cells becomes elevated. (c) The synergid cell with higher cytosolic Calcium concentration (DSY; dark green) degenerates. Simultaneously
the pollen tube ruptures and sperm cells are carried to the space between the egg cell and the central cell. Another synergid cell (PSY) remains
intact. (d) Termination of the guidance signal in PSY. Ethylene signaling inactivates PSY. FIS-PRCs-mediated termination signal is derived from the
central cell. Later, PSY is fused to the endosperm and completely inactivated before the four-cell stage of endosperm development. (e)
Fertilization recovery. If the first pollen tube carried dysfunctional sperm cells, PSY attracts a second pollen tube for fertilization. CCN, central cell
nucleus; DSCs, dysfunctional sperm cells; DSY, degenerated synergid cell; ECN, egg cell nucleus; EN, endosperm; FER, FERONIA; PSY,
persistent synergid cell; PT, pollen tube; ROS, reactive oxygen species; SCs, sperm cells; SYN, synergid cell nucleus.
Current Opinion in Plant Biology 2015, 28:127–136 www.sciencedirect.com
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Table 1
Signaling components involved in pollen tube growth and guidance
Gene name Expression* Protein family Function* Species References
SP11/SCR Male Defensin-like CRP Self incompatibility Brassica [8]
SRK Female RLK Receptor for SP11/SCR Brassica [8]
AtWSCP Female Kunitz-type CRP Transmitting tract formation A. thaliana [15]
Chemocyanin Female Phyotocyanin Pollen tube growth Lily [19]
Plantacyanin Female Phytocyanin Pollen tube growth A. thaliana [20]
SCA Female LTP-like CRP Pollen tube adhesion Lily [21,22]
LTP5 Female LTP-like CRP Pollen tube growth A. thaliana [23]
LePRK1, LePRK2 Male RLK Bind LAT52, LeSHY, LeSTIG1 Tomato [11,12]
LAT52 Male Ole e 1 CRP Pollen hydration, tube growth Tomato [12]
LeSHY Male Leucine-rich repeat Pollen tube growth Tomato [12]
LeSTIG1 Female CRP Pollen tube growth Tomato [12,13]
CLE45 Female CLV3/ESR-related Pollen tube growth A. thaliana [24]
SKM1, SKM2 Female LRR-RLK, Receptor for CLE45 A. thaliana [24]
PSK2 Male Phytosulfokine Pollen tube growth A. thaliana [26]
COBL10 Male GPI-anchored Ovular guidance A. thaliana [29]
MPK3, MPK6 Male MAP kinase Funiculus guidance A. thaliana [92]
LUREs Female Defensin-like CRP Micropylar guidance Torenia,
A. thaliana
[32,33,34]
LIP1, LIP2 Male RLCK Micropylar guidance A. thaliana [37]
ZmEA1 Female EA1-like Micropylar guidance Zea mays [46,47,48]
GEX3 Female Membrane protein Micropylar guidance A. thaliana [51]
FER/SIR Female RLK Pollen tube rupture A. thaliana [59,60,61]
NTA Female MLO family Pollen tube rupture A. thaliana [63,66]
LRE Female GPI-anchored Chaperone for FER A. thaliana [62,64,65]
ANX1, ANX2 Male RLK Pollen tube growth A. thaliana [68,69]
ZmES1–4 Female Defensin-like CRP Pollen tube rupture A. thaliana [73]
ZmPMEI1 Female PMEI-like CRP Pollen tube rupture A. thaliana [74]
EC1 Male EC1 CRP Plasmogamy A. thaliana [79]
GCS1 Male Membrane protein Plasmogamy A. thaliana [80]
GEX2 Male Membrane protein Plasmogamy A. thaliana [81]
* Note that expression and function of genes described here are limited to pollen tube growth and guidance. Some genes are also expressed in other
tissues and have different functions in addition to those shown here.species. SP11/SCR directly binds to its receptor SRK in a
haplotype-specific manner [8]. This binding leads to
prevention of pollen hydration and pollen tube germina-
tion. In the genus Arabidopsis, A. lyrata is a SI species
whereas A. thaliana and A. kamchatica are self-compatible
(SC). Mutations in the male determinant SP11/SCR locus
were key precursor events to the loss of SI in these
species, suggesting that the SC phenotype was spread
throughout the population through pollination of SC
pollen grains [9,10]. LePRK1 and 2 were reported as
pollen-specific receptor-like kinases from the tomato.
Transient overexpression of LePRK1 resulted in produc-
tion of a bulge-like structure at the pollen tube tip [11].
Several secreted proteins, including a pollen-specific
extracellular protein LAT52, a leucine-rich protein
LeSHY from pollen and a stigma-specific protein 1
(STIG1), were shown to bind to LePRKs in vitro [12].
LAT52 binds LePRK2 only before pollen tube germina-
tion and this binding is inhibited by the addition of
LeSTIG1. LeSTIG1 is a cysteine-rich protein with
16 cysteine residues. The N-terminal region was cleaved
to produce the mature 7 kDa LeSTIG protein. LeSTIG1
interacts with LePRK2 and phosphatidylinositol 3-phos-
phate [PI(3)P] in different regions. The addition of
LeSTIG1 induced pollen tube growth in vitro, suggestingwww.sciencedirect.com that the interaction of these polypeptides, PI(3)P, and
receptors promotes proper tube growth [13].
After germination, pollen tubes grow through the style and
transmitting tract. Plant species such as Arabidopsis thaliana
have a closed transmitting tract and programmed cell death
is required for loosening cell–cell connections to make
space for pollen tube elongation. This programmed cell
death event is regulated by the transcription factor genes
NO TRANSMITTING TRACT (NTT), HECATE1 (HEC1),
HEC2, HEC3, HALF FILLED (HAF) and SPATULA
(SPT), and a Kunitz-type protease inhibitor AtWSCP
[14–18]. On the other hand, some plants, including the
lily, possess an open and hollow style, where pollen tubes
grow along the inner surface. An in vitro chemotropic assay
identified chemocyanin as a diffusible chemotropic factor
for pollen tube growth in lilies. Chemocyanin is a 10-kDa
secreted protein with similarity to the copper-binding
plantacyanin protein, but with replacement of one key
amino acid [19]. Knockout of Arabidopsis plantacyanin
gene (At2g08250) showed no visible phenotype, but when
overexpressed in the pistil and wild-type pollen grains
were pollinated, the germinated pollen tubes made nu-
merous turns around stigma papillae cells. Because recom-
binant Arabidopsis plantacyanin protein was active in lilyCurrent Opinion in Plant Biology 2015, 28:127–136
130 Cell biologyin vitro guidance assay, excess protein may disrupt pollen
tube guidance signal in Arabidopsis pistil [20]. The che-
motropic activity of Chemocyanin is enhanced by the
addition of stylar cysteine-rich adhesin (SCA), which
was originally isolated as a stylar adhesion molecule to
the pollen tube in the lily [19,21]. SCA possesses eight
conserved cysteine residues and interacts with pectin on
the stylar surface [22]. Overexpression of an Arabidopsis
SCA-like lipid transfer protein LTP5 or the presence of a
dominant ltp5-1 mutation both cause aberrant pollen tube
growth and reduced fertility [23].
CLE45 is a CLV3/ESR-related peptide expressed in the
pistil of A. thaliana. Synthetic CLE45 peptide promotes
pollen tube growth in vitro, with direct interaction of
leucine-rich repeat receptor-like kinases, STERILITY-
REGULATING KINASE MEMBER 1 (SKM1) and
SKM2 [24]. Most of the CLE peptides have conserved
hydroxyproline (Hyp). O-arabinosylation of Hyp is
thought to be important for full activity of this class of
peptides. A double loss-of-function mutant of Arabidopsis
Hyp O-arabinosyltransferase (HPAT), that is, hpat1-1
hpat3-1, showed pollen tube growth arrest [25]. Although
the CLE45 peptide does not possess a Hyp O-arabino-
sylation site [24], it is interesting to speculate that other
O-arabinosylated peptides are required for proper pollen
tube growth. Phytosulfokine (PSK) is a disulfated penta-
peptide with cell proliferation activity [3]. The addition
of Arabidopsis PSK2 to the culture medium accelerated
pollen tube growth in vitro [26]. Tyrosine sulfonylation of
PSK is mediated by the tyrosylprotein sulfotransferase
(TPST) localized in the Golgi apparatus [27]. Knockdown
of TPST or the PSK receptor, PSKR, resulted in reduced
fertility due to pollen tube growth arrest in the pistil.
These data also suggest the importance of PSK signaling
for pollen tube growth [26]. Recently, the crystal structure
of the protein complex of PSK and extracellular domain of
PSKR has been solved [28]. Tyrosine sulfonylated PSK
has an allosteric effect to enhance PSKR heterodimeriza-
tion with the somatic embryogenesis receptor-like
kinases (SERKs) [28]. Pollen tubes with a cobra-like
10 (cobl10) mutation are able to elongate into the trans-
mitting tract, but fail to target to the ovule. COBL10 is a
glycosylphosphatidylinositol (GPI)-anchored protein that
localizes to the pollen tube tip and is involved in apical
pectin cap formation [29]. ABNORMAL POLLEN TUBE
GUIDANCE 1 (APTG1) encodes an ER-localized manno-
syltransferase. Mutation in APTG1 resulted in abnormal
pollen tube guidance around the micropyle. Interestingly,
the localization of COBL10 was altered in aptg1, suggest-
ing that APTG1 is involved in GPI synthesis for COBL10
[30].
Ovular and micropylar pollen tube guidance
Micropylar pollen tube guidance has been intensively
studied both in dicotyledonous and monocotyledonous
species. The first evidence that the synergid cells in theCurrent Opinion in Plant Biology 2015, 28:127–136 embryo sac secrete such a signal was derived from in vitro
fertilization assays in Torenia fournieri. Ovules whose
synergid cells were ablated did not attract pollen tubes,
clearly showing that synergid cells secrete pollen tube
attractant molecules [31]. LUREs, which encode defen-
sin-like CRP, were identified from EST analysis of iso-
lated synergid cells in Torenia fournieri. Recombinant
LURE1 and LURE2 polypeptides attracted pollen tubes
in vitro in a concentration-dependent manner [32].
Pollen tube attraction by LUREs has two characteristics.
One is its sequence diversity and species preferentiality.
Pollen tube attractants TcLURE1 (TcCRP1) from T. con-
color and AtLURE1 from A. thaliana showed attraction
activity in a species-preferential and species-specific man-
ner, respectively [33,34]. These LUREs belong to the
defensin-like superfamily of CRP and possess six cysteine
residues for disulfide bond formation, but overall sequence
similarities are low. Even LUREs from the same genus,
TfLURE1 from T. fournieri and TcLURE1 from T. con-
color, have eight amino acid differences out of 62 amino acid
residues of the predicted mature polypeptide. LUREs in A.
thaliana and their close relative A. lyrata also show sequence
diversity, and representative sequences of LUREs in Tor-
enia and Arabidopsis only share cysteine alignments. These
sequence diversities may contribute to differences in ter-
tiary molecular structures and thus may be key to species
preferentiality in fertilization [35]. Another feature is its
requirement of ‘competency’. When Torenia ovules or
purified LURE proteins were placed in front of pollen
tubes grown on a normal culture medium, the pollen tubes
did not respond to the attractants. On the other hand, when
pollen tubes were cultured in a conditioned medium, which
includes ovule extract, they responded to the attractant
[36]. The specific factor(s) contained in ovules conferring
pollen tube competency remains to be solved.
Thus far, receptors of micropylar guidance signaling re-
main unclear. A search of genes specifically expressed in
pollen tubes identified two receptor-like kinases, LOST
IN POLLEN TUBE GUIDANCE 1 (LIP1) and LIP2.
lip1 lip2 double mutant pollen tubes are defective in
micropylar guidance in vivo and are less attracted to puri-
fied AtLURE1 protein in vitro. LIP1 and LIP2 are an-
chored to the plasma membrane by N-terminal
palmitoylation and do not have an extracellular domain
[37]. Therefore, they cannot directly bind to LURE
proteins; rather they may function as co-receptors for
LURE signaling. Known receptors for defensin-like CRPs
in plants are leucine-rich repeat receptor-like kinases (i.e.,
ERECTA for the ligand stomagen and EPF2), S-receptor-
like kinase (SRK for the ligand SP11) among others
[8,38,39]. These classes of receptor-like kinases may be
the direct binding partners of LUREs in pollen tubes.
Multiple pollen tubes are frequently seen on the funicu-
lus of ovules in the AtLUREs downregulation line. Similarwww.sciencedirect.com
Pollen tube guidance Kanaoka and Higashiyama 131disturbance of ‘one ovule-one pollen tube’ guidance is
observed in mutants such as myb98, maa3 and siz1 [40–42].
MYB98, MAA3, and SIZ1 encode R2R3 MYB transcrip-
tion factor [40], Sen1p-like RNA helicase [43], and SU-
MO E3 ligase [42], respectively. Expression of AtLUREs
is greatly reduced in myb98 and maa3 mutants [34]. These
genes are upstream regulators for synergid cell function,
particularly pollen tube guidance. Although AtLURE1
expression and protein secretion from the micropyle
was absent in these mutants, pollen tubes still grew on
the funiculus [34]. This suggests the existence of other
molecule(s) that allow pollen tubes to come close to the
micropyle. Indeed, in vitro ovule-chasing experiments
showed that the micropylar guidance signal is effective
within the range of 100 mm from the filiform apparatus
[44]. A pollen tube guidance assay using a microfluidic
device also revealed that a diffusive molecule secreted
from the ovule attracts pollen tubes over a long range
[45]. The molecule responsible for such guidance
remains to be identified.
In monocotyledonous plant species, another type of se-
creted peptide plays a role in micropylar guidance. Loss of
Zea mays EGG APPARATUS 1 (ZmEA1) expression
resulted in pollen tube misguidance at the micropyle
[46]. Following cleavage of the N-terminal of ZmEA1,
a mature 49 aa peptide can attract pollen tubes in vitro
[47]. Mature ZmEA1 peptide specifically binds to Zea
mays pollen tubes but not to tubes of other species, such
as Tripsacum dactyloides or Nicotiana benthamiana, suggest-
ing that this guidance signal is species specific [48].
Other than secreted peptides such as LUREs and
ZmEA1, cytoplasmic factors that affect micropylar pollen
tube guidance have been reported. AtPV42a and AtPV42b
are homologous genes that may be subunits of the SnRK
complex and regulate metabolic processes. Downregula-
tion of AtPV42b by artificial microRNA resulted in pollen
tube guidance defects on the female side [49]. Down-
regulation of two genes encoding inositol polyphosphate
kinase (IPK2), AtIPK2a and AtIPK2b, resulted in devel-
opmental defects in male gametophytes and in pollen
tube guidance [50]. GAMETE-EXPRESSED3 (GEX3)
encodes a membrane protein with PQQ domains and is
expressed in both male and female tissues. Aberrant
expression of GEX3 in the egg cell caused micropylar
pollen tube guidance defects [51]. Two putative cation/
proton transporters in the pollen tube, CHX21 and
CHX23, are also required for proper pollen tube targeting
to the ovule [52]. A T-DNA insertion in PDIL2-1, which
encodes an ER-localized protein disulfide isomerase
expressed in ovules, showed a reduced seed set and
defective micropylar pollen tube guidance [53].
PDIL2-1 is known to catalyze disulfide bond formation
required for proper protein folding. Because PDIL2-1 is
expressed in the saprophytic tissue of ovules, it may not
be directly involved in the folding of secreted proteinswww.sciencedirect.com from the female gametophyte. It is interesting to specu-
late that secreted signaling molecules, such as LURE-like
CRP expressed in ovule sporophytic tissues, may be
involved in pollen tube guidance with the help of PDIL.
POLLEN DEFECTIVE IN GUIDANCE 1 (POD1) is
an ER-localized protein in pollen tubes and interacts with
CALRETICULIN 3 (CRT3), possibly functioning in
proper folding of membrane proteins [54]. POD1 and
CRT3 may be involved in LURE1 receptor folding.
Pollen tube-synergid cell interaction and
termination of the attraction signal
When entering the embryo sac, the pollen tube grows to a
certain place beyond the filiform apparatus to contact
synergid cells [55]. Recent observation of high-resolution
calcium imaging revealed that the cytosolic Ca2+ concen-
tration of one synergid cell increased more than the other,
followed by collapse of the synergid cell with higher Ca2+
(receptive synergid cell). Simultaneously, the pollen tube
ruptured to release the sperm cells into the space between
the egg cell and the central cell [56,57]. Ethylene is also
involved in this degeneration of receptive synergid cells
(Figure 2) [58].
The feronia ( fer)/sirene mutant shows the pollen tube
overgrowth phenotype in the embryo sac [59,60]. FER
encodes a receptor-like kinase localized on the plasma
membrane of synergid cells [61]. Similar phenotypes
were observed in the mutations of NORTIA (NTA), a
plant-specific mildew resistance locus O family protein
localized to the filiform apparatus of synergid cells, and
LORELEI (LRE), a putative GPI-anchored protein
expressed in the female gametophyte [62–64]. LRE
and its closely related protein LORELEI-like GPI-an-
chored Protein 1 (LLG1) can interact with FER and act
as a chaperone or co-receptor for FER to correctly local-
ize to the plasma membrane [65]. Calcium imaging
revealed that FER and LRE may be involved in the
generation of proper Ca2+ oscillation signaling in syner-
gid cells before pollen tube rupture [66]. NTA has a
calmodulin-binding domain, so it may modulate cytosol-
ic Ca2+ concentration [66]. FER regulates reactive oxy-
gen species (ROS) production in synergid cells.
Application of ROS, possibly hydroxyl free radicals, to
the pollen tube induces tube rupture via Ca2+ uptake into
the pollen tube [67]. ROS are also known to require
proper pollen tube growth. In pollen tubes, two
NAD(P)H oxidases, AtRbohH and AtRbohJ, and two
close relatives of FER, ANXUR1 (ANX1) and ANX2,
function in ROS-mediated pollen tube growth control
[68–71]. turan (tun) and evan (evn) are two mutants that
demonstrate the fer-like female defective phenotype.
TUN and EVN encode UDP-glycosyltransferase and
dolichol kinase respectively, both of which are involved
in protein N-glycosylation. These genes may be required
for proper modification of proteins for pollen tube-syn-
ergid cell interaction [72].Current Opinion in Plant Biology 2015, 28:127–136
132 Cell biologyZea mays EMBRYO SAC 1–4 (ZmES1–4) genes, which
encode defensin-like proteins, are exclusively expressed
in the female gametophytic cells in maize. Purified
ZmES4 protein ruptures pollen tubes in a species-specific
manner. The ZeES4 signal is directly targeted to the
plant shaker K+ channel KZM1, which results in channel
opening and K+ influx. K+ influx in pollen tubes may
trigger water uptake and tube bursting [73]. Application
of ZmPMEI1, a pectin methylesterase invertase-like pro-
tein, to pollen tubes resulted in destabilization and rup-
ture of pollen tubes at the subapical region [74].
A triple mutation in pollen-expressed MYB transcription
factors, MYP97, 101 and 120, resulted in a pollen tube
overgrowth phenotype [75,76]. A similar phenotype was
observed in the iv2 mutant. IV2 (At2g23590), which is
enriched in pollen tubes, encodes a methylesterase whose
function remains to be clarified [77]. TUN and EVN are
also expressed in pollen tubes and affect their growth
[72]. These are the candidates for the male components of
the pollen tube–synergid cell interaction.
The membrane fusion of both male and female gameto-
phytic cells (plasmogamy) occurs, on average, 8.5 min
after pollen tube rupture [78]. The Ca2+ spike observed
in the egg cell is correlated with the plasmogamy of the
egg cell and sperm cell but not of the central cell [56,57].
EGG CELL 1 (EC1), which belongs to a family of small
secreted CRPs, is released from intracellular vesicles to
the extracellular space in correlation with sperm cell
release [79]. When the EC1 peptide was applied to the
sperm cell, GENERATIVE CELL SPECIFIC 1 (GCS1)
protein, which is required for plasmogamy, was recruited to
the surface of the sperm cell. Mutations in GCS1 or GAM-
ETE EXPRESSED 2 (GEX2), which encodes a membrane
protein expressed in the sperm cell, resulted in the defect
in plasmogamy [80,81]. The EC1-GCS1 cascade is not
only required for plasmogamy but also for rejecting the
second pollen tube, or polytubey [79,82]. Mutation in the
central cell-expressed genes MEDEA (MEA), FERTILI-
ZATION-INDEPENDENT SEED 2 (FIS2) or FERTILI-
ZATION-INDEPENDENT ENDOSPERM (FIE) also
caused attraction of multiple pollen tubes. Because these
three encode components of the polycomb group repres-
sive complex 2 (PRC2) function in chromatin modifica-
tions, silencing of yet unidentified genes is important for
polytubey block in the central cell [83].
In addition to gcs1, duo pollen1 (duo1) and duo3 mutants,
which have a single sperm cell in a pollen grain, also lead
to fertilization defects [84,85]. Interestingly, when an
ovule accepts a fertilization-defective pollen tube such
as duo3 and gcs1, it can accept a second pollen tube later
[82,86]. Although the acceptance of the first pollen tube
ends in failure for fertilization, another intact synergid
cell (a persistent synergid cell) would be able to continue
to secrete guidance signals to attract a second pollen tubeCurrent Opinion in Plant Biology 2015, 28:127–136 for recovery (Figure 2) [86]. If the second pollen tube also
failed to cause fertilization, the ovule could not attract
further pollen tubes, due to the lack of remaining, intact
synergid cells [86].
How is the pollen tube guidance signal terminated?
Recently, Maruyama and colleagues made an amazing
discovery about the termination of attraction signals and
elimination of the persistent synergid cell after successful
fertilization. Time-lapse imaging of a fertilized ovule
revealed that marker genes expressed in the persistent
synergid cell diffused toward the growing endosperm.
Electron microscopy analysis clearly demonstrated fusion
of the membranes of the persistent synergid cell and the
endosperm; this showed a novel type of cell fusion event
in addition to egg cell-sperm cell and central cell-sperm
cell fusion. This observation shed light on the possibility
that cell fusion can function in inactivating cells and rapid
signal termination [87].
Questions remaining
Although signaling mechanisms for pollen tube guidance
have been studied extensively and our understanding of
these signals has deepened in the past couple of decades,
many key issues remain to be elucidated. The biggest
question is how the pollen tube controls its growth
direction in response to guidance signals. One can spec-
ulate that the reception machinery of the guidance cue
accumulates at the site where the extracellular guidance
signaling molecules are delivered and attaches to the
pollen tube surface. Accumulation of the reception ma-
chinery at the site may facilitate cytoskeletal reorganiza-
tion and exocytosis to one side of the pollen tube, thus
allowing the pollen tube to grow in a typical direction. It is
known that the Rho-like GTPase of plants (ROP)-de-
pendent pathway signals downstream of receptor-like
kinases. Some ROP-interactive CRIB-motif containing
proteins (RIC) bind microtubules and F-actins [88]. Sol-
uble NSF attachment protein receptors (SNAREs) are
essential for vesicle transport. Arabidopsis SYP124 and
125, which both encode Qa-SNARE protein, are
expressed in pollen tubes, and their localization to the
tip region is actin-dependent [89]. A mutation in the
CML24 gene, which encodes calmodulin-like protein,
results in slower pollen tube elongation, a higher concen-
tration of cytosolic Ca2+, and disorganized actin pheno-
types [90]. Another CML gene, CML25, is also involved in
pollen tube elongation by regulating Ca2+-mediated K+
influx control [91]. These molecules are likely to be
subcellular components that transfer extracellular signals
to reconstruct cellular structure. To clarify this mecha-
nism, it would be necessary to identify receptor proteins
located on the surface of the pollen tube and molecules
that connect the receptor and cytoplasmic components.
Also, it would be necessary to observe the dynamics of
these components under live conditions and at single-
molecule resolution.www.sciencedirect.com
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tubes competency to be able to respond to the LURE
signal, and to identify guidance molecules that would
function before LUREs. Although lines of evidences
suggest that proper ovule development is required for
ovular pollen tube guidance, female factors responsible
for this guidance have not yet been identified. Recently, a
double knockout phenotype of two MPK genes, MPK3
and MPK6, was precisely analyzed. The double mutant
pollen tubes resulted in defective funiculus guidance in
vivo but not micropylar guidance in vitro [92]. It is
interesting to speculate that as yet unidentified secreted
signals for funicular guidance/guidance before micropyle
can function through MPK3 MPK6 signaling. Recent
advances in tissue-/cell-specific transcriptional and trans-
lational analysis have identified many genes expressed in
the reproductive organs. Indeed, pollination-enriched
translatomic analysis has identified several genes whose
disruptions result in phenotypes in several steps of pollen
tube guidance [77]. These include CRPs and other
signaling components that are good candidates as regu-
lators of fertilization processes.
Most of our knowledge about pollen tube guidance is
obtained from physiological assays of in vitro conditions or
forward/reverse genetic analysis with observations of
fixed materials. Because pollen tube guidance is a dy-
namic process, in vivo live imaging of pollen tube growth
would be informative and necessary. Two-photon excita-
tion confocal microscopy is a powerful tool that may
reveal pollen tubes deep inside the live pistil tissue
[93,94]. The identification and characterization of these
molecules, together with in vivo live imaging of pollen
tubes and these molecules, would further our understand-
ing of the entire pollen tube guidance event.
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